Introduction
Polysulfone (PSU) is a highly engineered thermoplastic with chemical resistance to hydrolysis, acids and bases and favorable high temperature properties. [1] Due to these excellent properties, PSU can be used in medical devices, food processing, feeding systems, automotive, and electronic industry. [2] Depending on the area of application, PSU polymers are often modified to give materials with additional physical properties. [3] Recently, our groups have focused on the functionalization of PSU either by end-group transformation with (meth)acrylate chloride through esterification or side chain modification with propargyl pyrene via click chemistry. [4] Polymer-layered clay nanocomposites have gained much attention in industry and in academia because they exhibit significant improvements in materials properties such as thermal resistance, lower gas permeability, flame retardancy, solvent resistance, and mechanical properties compared to the neat polymer or micro-and macrocomposites. [5] [6] [7] Because of the large surface area of nanosized clay layers interacting with the host polymer matrix, the choice of the convenient clay and/or the modification of the clay have gain importance. Montmorillonite (MMT) is the most commonly used layered silicates, due to it is ability to finetune their hydrophilic nature to hydrophobic through ion exchange reactions, which can enhance the compatibility of polymer with silicate layers. There are three methods for the preparation of polymer/clay nanocomposites: solution PSU/MMT nanocomposites are prepared by dispersing MMT nanolayers in a PSU matrix via in situ photoinduced crosslinking polymerization. Intercalated methacrylate-functionalized MMT and polysulfone dimethacrylate macromonomer are synthesized independently by esterification. In situ photoinduced crosslinking of the intercalated monomer and the PSU macromonomer in the silicate layers leads to nanocomposites that are formed by individually dispersing inorganic silica nanolayers in the polymer matrix. The morphology of the nanocomposites is investigated by XRD and TEM, which suggests the random dispersion of silicate layers in the PSU matrix. TGA results confirm that the thermal stability and char yield of PSU/MMT nanocomposites increases with the increase of clay loading.
exfoliation, melt intercalation, and in situ polymerization. [6] Latter is the best and mostly used way to prepare the nanocomposites because of the types of nanofillers and polymer precursors can be varied in a wide range to get the enhanced properties. [8] In this method monomer, initiator, and/or catalyst are intercalated into silicate layers and the in situ polymerization is initiated by externally stimulation. [9] [10] [11] Polymerization within the clay galleries leads to the exfoliation of the layered silicate in the polymer matrix as well as the formation of polymer/clay nanocomposites. Various in situ polymerization techniques such as, conventional free radical polymerization, [12] [13] [14] [15] [16] controlled radical polymerization, [17] [18] [19] [20] [21] [22] [23] ring-opening polymerization, [24] [25] [26] [27] [28] [29] [30] ring-opening metathesis polymerization, [31] [32] [33] cationic polymerization, [34, 35] and anionic polymerization, [36, 37] have been widely used for the preparation of polymer/clay nanocomposites. Among them, free-radical polymerization is the most practical and simple method to prepare nanocomposites with wide range of monomers. Photoinitiated polymerization has several advantages compared to thermal polymerization, including low temperature conditions, solvent-free formulation and a rapid polymerization rate. [38] [39] [40] It is applied to form polymer/clay nanocomposites with various types of polymers, such as polyacrylamide, [41] polymethacrylates, [14, 16, [42] [43] [44] [45] poly(vinyl ether) and epoxides. [43, 44, 46, 47] In the literature, few papers about PSU/clay nanocomposites are presented. [48] [49] [50] [51] [52] Although solution exfoliation has been used in all examples, in situ polymerization method has not been reported. In this work, we report an easy preparation of PSU/MMT nanocomposite by using in situ photoinduced crosslinking polymerization of PSU macromonomer and intercalated monomer. The crosslinking of the intercalated monomer and PSU dimethacrylate could gradually push the layers apart, leading to delamination of clay tactoids. Exfoliated silicate layers in the PSU/MMT nanocomposites have been analyzed by X-ray diffraction (XRD), and transmission electron microscopy (TEM) and the effect of clay loading to the thermal properties is also studied by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Experimental Section
Materials PSU dimethacrylate macromonomer (M n ¼ 2 100 g Á mol À1 ) was synthesized by condensation polymerization of bisphenol A and bis( p-chlorophenyl)sulfone and subsequent esterification with methacryloyl chloride according to the published method. [53] Organo 
Preparation of the PSU/MMT Nanocomposites
The organomodified clay (1, 3, and 5 wt% monomer) and DMPA (1 wt% oligomer) was mixed with PSU-DMA oligomer dissolved in dry CH 2 Cl 2 (2 mL) in Pyrex tubes via a magnetic stirrer at room temperature for 12 h and degassed with nitrogen prior to irradiation by a merry-go-round type reactor equipped with 16 Philips 8W/06 lamps emitting light at l > 350 nm and a cooling system. At the end of 4 h, polymers were precipitated into methanol, filtered, dried, and weighed. Conversions, the percentage of the macromonomer converted into insoluble network were determined gravimetrically.
Characterization
Fourier-transform infrared (FT-IR) spectra were recorded on a Perkin-Elmer FT-IR Spectrum One B spectrometer. DSC was performed on a Perkin-Elmer Diamond DSC with a heating rate of 10 8C min under nitrogen flow. TGA was performed on PerkinElmer Diamond TA/TGA with a heating rate of 10 8C min under nitrogen flow. The powder XRD measurements were performed on a PANalytical X'Pert PRO X-ray diffractometer equipped with graphite-monochromatized Cu K a radiation (l ¼ 1.15 Å ). TEM imaging of the samples was carried out by FEI TecnaiTM G2 F30 instrument operating at an acceleration voltage of 200 kV. Each sample was dispersed in methanol and drop-cast onto carbon coated grid for the TEM imaging.
Results and Discussion
Intercalated methacrylate-functionalized montmorillonite (I-MMT) clay was prepared from commercial MMT clay containing two hydroxyl groups (Closite 30B) by using esterification reaction with methacryloyl chloride. The FT-IR spectrum of resulting MMT clay showed that a characteristic carbonyl peak at 1 730 cm À1 corresponding to methacrylate moiety, whereas a broad peak at around 3 400 cm À1 indicates that small amount of nonfunctionalized hydroxy groups on the surface of the layers is still remained. The PSU dimethacrylate (PSU-DMA) macromonomer was synthesized by condensation polymerization between bisphenol A and bis( p-chlorophenyl)sulfone, and subsequent esterification process. First, the precursor diolfunctionalized PSU was obtained by condensation polymerization adjusting monomer concentration to yield oligomer possessing phenolic groups at both ends. Then, this oligomer was reacted with methacryloyl chloride in the presence of Et 3 N as the base to give desired PSU-DMA. Polysulfone/montmorillonite (PSU/MMT) nanocomposites were prepared by in situ photoinitiated crosslinking polymerization of I-MMT and PSU-DMA monomers. Photochemically generated radicals can allow polymer molecules to grow inside the clay galleries upon irradiation and consequently form covalent bonds between organic and inorganic phases. Attachment of monomeric sites into clay layers and subsequent photoinduced crosslinking of immersed monomers with PSU-DMA macromonomers facilitate propagation and exfoliation processes concomitantly, leading to the formation of homogeneous clay/ polymer nanocomposites (Scheme 1). The characteristic data for I-MMT, PSU-DMA, and PSU/MMT nanocomposites synthesized with different clay loadings were given in Table 1 .
XRD curves of the intercalated MMT and PSU nanocomposites are illustrated in Figure 1 . According to the XRD diffraction pattern, changes in the value of 2u reflect changes in the gallery distance of the clay. The organomodified clay sample exhibits a peak at 4.95, which corresponds to a basal space (d 001 ) of 1.80 nm. As can be seen in Figure 1 , after the polymerization, it is completely disappeared in all nanocomposite samples. Although, these results indicate that the silicate layers are likely to be exfoliated in the matrix, XRD measurements alone are not conclusive for determining the true structures and disScheme 1. Preparation of PSU/MMT clay nanocomposites by in situ photoinitiated crosslinking polymerization. Table 1 . Photoinitiated crosslinking polymerizationof PSU-DMA in the presence and absence of organomodified I-MMT, and thermal properties of neat PSU, I-MMT, and resulting nanocomposites.
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A direct evidence for the nanocomposite formation is obtained TEM observation with two different magnification scales as displayed in Figure 2 for NC1, NC3, and NC5 samples. In the powdery PSU/MMT nanocomposites, the dark line represents individual silicate layers, whereas the brighter area represents the PSU matrix. In the both magnifications, TEM analysis indicates that all nanocomposites have a mixed morphology. The observed individual clay layers [highlighted by black arrows (e)] are well dispersed (delaminated) in the polymer matrix. In addition, large intercalated tactoids [highlighted by black arrows (i)] can also be visible in the all samples. The small stacks of intercalated structure may be described as the incomplete activation of intercalated MMT monomer in the polymerization due to the high loading degree or limited mobility of PSU macromonomer within the layers. TEM analysis also confirms that the concentration of clay in the nanocomposites increased with increasing clay loading in the process (Figure 2) .
TGA thermograms of neat PSU/DMA and its nanocomposites are shown in Figure 3 . It is quite obvious that the decomposition temperatures of the nanocomposites are higher than the neat oligomer. Notably, the final char yield of nanocomposites is increased with increasing organo-clay concentrations. Approximate decomposition temperatures of neat PSU-DMA and NC1, NC3, and NC5 were 485, 494, 496, and 504 8C, respectively. In the nanocomposites, the enhancement in the thermal stability could be explained by the barrier properties attributed to the clay mineral layers which hampered the diffusion of oxygen molecules into the nanocomposites and also the diffusion of the combustion products outside the system. The same trend was also observed by previous studies, which were prepared the PSU/MMT nanocomposites via a solution exfoliation method. [48, 52] DSC traces of neat PSU/DMA and corresponding nanocomposites are shown in Figure 4 . The T g of polymers depends mainly on the molecular structure of the polymer (chain stiffness, number, and bulkiness of the side groups, and the inter-and intra/molecular interactions) and on the crosslink density of the polymer. [54] [55] [56] All the nanocomposites show a higher T g value compared to pure PSU. The highest increment in T g of NC1 nanocomposite can be ascribed to its exfoliation morphology with fine dispersion of silicate layers in the polymer matrix that provides large surface area for clay interacting with polymer matrix which can be lead to the restricted segmental motions near the organic/inorganic interfaces. [14, 57] Conclusively, with the increase of the clay content to PSU chains, leading to a slight decrease of T g .
Conclusion
In conclusion, PSU/MMT nanocomposites were prepared by in situ polymerization technique for the first time.
Polymerization through the interlayer galleries of the clay was achieved by crosslinking of methacrylate functionalized MMT clay and PSU-DMA macromonomer. The random dispersion of silicate layers in the PSU matrix was confirmed by XRD and TEM measurements. Exfoliation/ intercalation structures were found to be related to the loading degree and limited mobility of macromonomer.
DSC and TGA analyses showed that the all nanocomposites have higher T g value and thermal stabilities relative to that of the neat PSU.
